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INTRODUCTION
The relationship between wood density and wood structure have 
been extensively investigated in softwoods but much less information 
and from fewer sources, is available for hardwoods. Stauffer (1892), 
Pechmann (1958), Gudim (1963), Scaramuzzi (1965) have found that 
variation in wood density along the radius of the stem was predomi- 
nantly affected by fibre wall thickness for beech, ash and popular. 
However, Ferreirinha (1953), Lenz (1956) and Aung (1962) found 
that the diameter of the fibre was the rnain causal factor of variation 
in density. Others such as Lenz (1956) and Pechmann (1958) have 
found, however, that the proporcional amount of fibres explained the 
variation in density in white willow and oak respectively.
The influence of mean fibre diameter on density was first theore- 
ticaly explained by Brown, Panshin and Sorsaith (1952) assuming 
the restrictive condition of the constancy of cell wall thickness which 
does not take into account the seasonal variation in number and 
thickness of the fibres across the growth ring.
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If for simplification we avoid to consider the variability on the 
porosity of the cell wall material due to the presence of physical 
voids or to the degree of the molecular order within the cell wall 
that may exist within and between trees, the conditions that justify 
the apparently contradictory results of the literatura may be mate- 
matically explained.
Let us consider the density p(R) of the wood in a area der and 
in a position R of the stem.
Hence
dM
p (R) = —-
do- (D
If for simplification we only consider the effect of the fibres 0), 
the mass dM may be expressed by the produit of the mean mass m (R) 
of the fibres in R and their number n(R in do-, i.e.
dM = n(R)m(R)do- (2)
















(i) Although vessels creat voids within the wood and therefore it is to be 
expected that their number and diameters or yet their relative volume should have 
some bearing on wood density, we will see that the effect upon the density of 
vessel elements can be consider in terms of their influence on the number of 
fibres per unit of area.
The expression (5) means that the density of the wood in a 
certain position R of the stem is the density of a fibre in R.
If t (R) is the thickness of the mean fibre in R we have that:
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m (R) = 1.46ti: { r2 (R) _ [r (R) _ t (R) ]2 }
The combination of (5) and (6) yields:




The combined effect of changes in cell radius and cell thickness 
with R is given by derivation of eq. (7), i.e.
dt (R) dr (R)
r (R)--------- _ t (R)--------
dp (R) t (R) dR dR
= 2.92 (1 _----------- ) --------





d t (R) d r (R)
then r (R)------------> t (R)
dR
dt (R) t (R) d r (R) 
>-------- x
dR
dR r (R) dR (9)
Assuming that there is no change in the number of fibres in der 
and as t (R) / r(R) >0, the expression (9) means that the density 
increases across or up the stem only when the rate of increase in 
thickness is steeper than the rate of increase in diameter.
The eq. (8) can also be used to explain an observed decrease in 
density with position for if
dp (R) d t (R) d r (R)





d t (R) d r (R)
<
dR
dR r (R) dR
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if
d t (R) 
dR
>0 hence
d r (R) r (R) d t (R)
------------->----------x-------------
dR t (R) dR (10)
which means that the rate of increase in the radius of the fibres 
exceeds by a value of r/t the rate of thickning of the cell wall.
If however t = Const., we have from eq. (8)
because
d R
d n (R) 
dr tz r3 (R)
d r (R) 
dR (11)
hence
tu t(R)r3 (R) d n (R)
-------------------- x------------ < 0
2 d R (12)
which means that a deacrease in density with R should be explained 
not only by the increase in the radius but also by the decrease in the 
number of fibres per unit of area.
It seems therefore that to describe density variation of a species 
through the anatomic features it is more realistic to consider some 
coefficient that takes simultaneously into consideration the diameter 
of the fibre and its thickness such as the coefficient of fibre flexibility 
(lumen diameter/diameter of the fibre), the Runkel ratio (double cell 
wall thickness to lumen diameter) or, yet, the Muhlsteph ratio (cell 
wall area relative to the cross sectional area).
MATERIAL AND METHODS
In this study 2 plots from on homogeneous regional area of Euca- 
lyptus saligna Sm. growing in Angola were selected in 1970. Within 
each plot containing 100 trees, 5 trees with straight erect trunks and 
healthy crowns were randomly choosen. Selected trees were felled 
and discs 3" thickness were removed to the following percentage leveis 
of total height: 5, 15, 35 and 65%.
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The specimens were prepared by cutting randomly one radial 
sample per levei. The surface of each sample was polished and pre­
pared with a sanding machine as described by Lantican and Hughes 
(1973). After Identification of the annual growth rings, 9, 6, 4 and 
3 rings with exactly the same physiological age in each tree and levei 
were selected for measurements of fibre radial and tangential diame- 
ters, fibre wall tickness, vessel radial and tangential diameters. To 
limit the variation of the mean, each ring was stratified into two 
halves and the field of sampling was extended to 15 cells on each side 
of the central radius. Thirty numbered cardboard chips were used 
to selected each row to be sampled in a random fashion. Within each 
strata 4 contigous cells in 6 radial rows was measured. This strategy 
was decided after analysis of the efficiency of several combinations 
in reducing the variance of the mean. The location within the rows 
of de cells was determined by using a Swift automatic point counter 
equipped with a mechanical stage geared to take linear steps of 50 u. 
The number of steps necessary to travers the radial width of the ring 
was determined and from this number, a random selection was made 
of measuring positions in each strata. The some ring stratification 
was adopted for vessels where 20 vessels were randomly measured.
All measurements were done with a Leitz Laborlux microscope 
with a total magnification of 500X equipped with an incidente light 
Ultropak unit. The percentage of fibres, vessels and parenchyma were 
done by a modification of the «Test Point Method» as described by 
Ladell (1959). The counts were taken in each field corresponding to 
each row were fibre cross-sectional measurements were done.
The following direct and derived determinations were done:
Fibre radial diameter 
Fibre tangential diameter 
Cell Wall thickness 
Cell enlargement index 








(1) Defined as the ratio between the radial and tangential diameters of 
the cell (Blatinecz and Kennedy, 1968).
(2) That is the ratio between the tangential double wall thickness and 
tangential diameter of the fibre.
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Runkel índex 
Fibre cross sectional area 
Muhlsteph ratio 
Coefficient of flexibility 
Vessel radial diameter 













The density of the some rings were done by X-ray densitometry 
as described by Sardinha (1974).
RESULTS
It is often possible to represent much of the variation in several 
correlated traits by means of a smaller number of uncorrelated 
variables. These are principal components and each is a linear trans- 
formation of the original variables (xj), such as
in which the magnitude and signe of each coefficient aj indicates the 
relative contribution of the ith variable to the component.
The principal components of positions, density and anatomic 
features are set for in table 1. They are listed in the terms used in 
this form of analysis, that is of their variances in the standardised 
variable space, the proportion of variation for which they account 
and their loadings on each of the variables (Seal, 1968; Andrew, 1973).
(3) The cross shape of the fibre considered were square externai and lumen 
elliptical. The area of the lumen were computed integrating y as function 
of x from 0 to Fr/2 in the following equation ( x ) 2n ( y ) 2n 
with n selected as 5.
a^i + a2x2 + ... + anx,
Fr/2 Ft/2
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TABLE 2
Regressions of density in fibre parameters
REGRESSION MODELS R -% F
Log D = 5.4677 + 3.4837 log Cf —6.5438 Cf 67.31 324.3 xxx
Log D = 0.0132 + 0.5582 log Ml 66.43 625.4 xxx
Log D = — 0.5527 + 0.6479 log Cwt — 0.1262 Cwt 59.74 233.6 xxx
Log D = 0.0853 + 0.4168 log Ruk — 0.2394 Ruk 67.07 330.2 xxx
A regression analysis (Table 2) done between density and the 
traits that the previous analysis showed with higher loadings corro- 
borated the first condusion, that is the coefficient of flexibility of 
the fibres is the best descriptor of density variation which was just 
as Mottet (1963) found for Terminalia superba.
A multiple regression analysis was also done incorporating in 
the previous model that relates density with the coefficient of flexi­
bility the following variables:
X, age of the vascular cambium
X,(i) 2 age of, the vascular cambium squared
X. diameter at breast height
X32 Diameter at breast height squared
X3 growing space factor (x).
X32 growing space factor squared
The model which was found to have the highest coefficient of 
determination among those tested was as follows:
log D = b0 —b, Cf — b2Xa + b3CfX, + b, X3_b5 X32-b(1 X2X3 (13) 
with RJ = 0.780 and a residual Standard deviation of 0.062.
With the inclusion of these additional variables that took 
account of the systematic trends of the relatioship of cell dimensions 
and density with the age of vascular cambium and of variables that
(i) Identical to «Seebach’s growing-space», Assman (1970). 
b„ = 9.3619 E-01; bl = 2.0714 E 00; b., = 2.1201 E-02; b;) = 3.3091 E-02; 
b, 4.5328 E-02; b. = 1.3984 E-03; b. = 4.5092 E-04
4 õ o
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are measurable parameters of tree growth, the Standard deviation 
from the regression was reduced from 0.062 and the amount of varia- 
tion in density accounted for increased by 16 %.
DISCUSSION
The principal component analysis applied to possible anatomical 
predictors of density, height levei, physiological age of the vascular 
cambium and several anatomical traits to take inte account the effect 
of position in the tree, showed that the four components considered 
expained a large amount of the variation in the population analysed 
(78.96%).
The analysis also showed that the major component was strongly 
correlated with the contrast between the coefficient of flexibility and 
cell wall thickness, Runkel ratio and Muhlsteph ratio, density and to 
a lesser degree with the age of the cambium, that is a vector of overall 
eollinear variation in those parameters that in a way or another express 
the variation in the amount of cell wall material of a fibre and the 
systematic positive trend with the age of the vascular cambium. The 
remainder of the variation is ascribed to near multicollinearities, 
which may be ignored. According to the loadings of components it 
could be inferred, for instance, that cell wall thickness alone is a 
better predictor than the fibre cross sectional area, but the propor- 
tion of variation accounted for by the latter predictor (Muhlsteph 
ratio) has in fact about the same value in explaining the variation of 
density from pith to bark. It is also apparent that either cell wall 
thickness, Runkel ratio or Muhlsteph ratio can be successfully 
employed for description of the variation on density but the coefficient 
of flexibility seems to be the best. This was demonstrated by the 
regression analysis (Table 2) where a slight improvement was shown 
in the value of R2 when the independent variable chosen was the 
coefficient of fibre flexibility.
The contrast shown by P. C. analysis between the coefficient of 
flexibility and of the Runkel ratio was predictable, since the increase 
in Runkel ratio means a proportional decrease in the void volume of 
the fibres which, consequently are less flexible. The contrast between 
the coefficient of flexibility with cell wall thickness index indicated that 
the increase in mean lumen diameter of the fibres resulted in a parallel 
increase in the tangential cell diameter or in a thinner tangential
58 ANAIS DO INSTITUTO SUPERIOR DE AGRONOMIA
fibre wall. Since the process of radial expansion is considered to be 
independent of tangential diameter it seems that cells that have the 
greater radial dimensions are also those with lower tangential wall 
thickness or, yet, that cells with a slit-like lumen are also characte- 
rised by thicker tangential walls.
Although on P. C. analysis there is no garantee that the depen- 
dent variable is related to the factors aplied rather than to the near 
multicollinearities which have been ignored, it was decided not to 
attempt multiple regression analysis with other anatomic parameters 
considered in the P. C. analysis but to use easily measurable charac- 
teristics of the trees. It was hoped that factors that take into account 
the degree of competition between trees would give some indication 
on the structure of the relationships between predictors and the pro­
cess of wood formation that concern wood density. The multiple 
regression analysis revealed, in fact, that the inclusion of the growing 
space factor and its linear interaction with diameter at breast height 
into the model, in addition to the coefficient of flexibility, increased 
the amount of variation explained by the first regression from 67% 
to 78 %. According to the eq. (13) it is apparent that increased 
competion translated by a lower growing space index is reflected 
negatively on the wood density.
TABLE 3
Regressions of density on some anatomic features (O
REGRESSION MODELS R-% F
Log D = — 2.9642 + 0.6541 log X, — 0.0038 X1 34.71 83.7 xxx
Log D = 2.9881 + 0.6623 log X, - 0.0040 X., 34.46 90.4 xxx
Log D = 0.4715 + 0.0101 X3 - 0.0001 X23 8.35 14.34 x
Log D = 0.8233 - 0.0560 X, + 0.0050 X^ - 0.0001 X* , 21.11 28.0 xx
Log D = — 0.2982 + 0.1950 X5 - 0.0116 X2S + 0.0002 X*s 5.59 6.2 x
Where Xj = fibre wall cross sectional area (/i:);
X2 = fibre wall cross sectional area (externai rectangular shape with lumen 
elliptical with n = 5;
X3 = percentag^ of fibres;
X4 = percentage of parenchyma;
X. = radial fibre diameter (/i).
D = density (g/cc).
(i) The features considered in the present study and not included in the 
table, means that they have not reached a significant F.
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Further regressions of the dependent variable on the factors 
failed to suggest any suitable subset of predictors (Table 3).
There are some others causes, including differences between 
trees in the micro-structure of the cell wall that could account for 
some remaining variation. For example, the assumption of a constant 
density for cell wall substance is open to question. Other possible 
reason for the lack of a closer relationship between density and cell 
wall thickness or mainly with cross sectional fibre wall area obtained 
in this study are:
1) the assumption that were made about fibre shape were not 
intirely valid.
2) on the growth ring there was no consistent relationship 
between the fibres sampled and the average fibre.
Assumptions were made to facilitate measurement of cross sec­
tional dimensions that fibres have a regular cross section and this 
could be represented by linear measurements made in the radial and 
tangential directions. Cells are of course variable in cross section and 
the shape of the lumen does not always coincide closely with the 
externai shape. For instance, for the two assumptions tested that is 
externai and internai rectangular fibres and externai rectangular shape 
with eliptical lumen, the late one proved to be a better predictor than 
the first. However, as the difference is small (R2 improved 1.75%) 
the question of the shape has to be futher analysed.
In addition to the questionable assumptions about shape, the 
existance of a consistent relationship between the fibres sampled and 
the average is doubtful, since the strategy adopted for sampling was 
based on one tree, available at the begining of this study. Also the 
analysis of variance of mean fibre wall thickness showed that the 
interaction effect of Samples * Rings was very highly significant for 
the ring sequence considered in this study (Table 4) implying that 
the response of rings to sample effects varied from ring to ring. 
Therefore it may be questionable whether the division of the ring 
into two halves was a suitable sampling technique to obtain mean 
values for zones within the ring that give a good representation of 
the ring as a whole. This suggests the need for additional research 
on the variation of cross sectional fibre characteristics within the ring.
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TABLE 4
Summary of the analyses of variance and of components expressed as percentage 
of total and random effects for mean fibre wall thickness
SOURCE OF VARIANCE V/RATIO
VAR. COMPONENTS
ACTUAL ; RANDOM
Plots (P) 3.24 6.88 18.88
Trees in plots (T/P) 23.29 xxx 14.71 23.53
Leveis (L) 2.10 0.74 —
L * P 1.05 0.06 0.09
L * T/P 2.42 xx 3.74 5.98
Rings (Ri) 32.31 x x 20.78 —
Ri * P 1.76 0.56 0.89
Ri * T/P 1.13 0.42 0.67
Ri * L 1.70 1.55 —
Ri * L * P 1.09 0.38 0.63
Ri * L * T/P 1.54 7.10 11.36
Samples (S) 11.42 10.81 —
S * P 6.13 x 1.74 2.78
S * T/P 1.28 0.37 0.59
S * L 0.90 0.00 —
S * L * P 1.16 0.14 0.22
S * L * T/P 0.60 0.00 0.00
S * Ri 8.81 xxx 3.88 —
S * Ri * P 0.28 0.00 0.00
S * Ri * T/P 0.46 0.00 0.00
S * Ri * L 0.54 0.00 —
S * Ri * L * P 0.66 0.00 0.00
Residual 26.41 42.25
Variation in vessel area, represented by the second component, is 
apparently positively associated with fibre tangential diameter and 
understandably with radial and tangential vessel diameters. There is 
no obvious biological explanation for correlation between vessel area
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and fibre tangential diameter and the association could be interpreted 
as expressing the possibility of predicting vessel area by the use of 
fibre tangential diameter. Since the vessels with larger cross sectional 
area were found in the part of the ring characterised by greater 
radial expansion of cells and by faster rate of growth, the association 
could also be interpreted to mean that this was also the part of the 
ring with bigger tangential diameter fibres. Conversely it could also 
mean that towards the end of the season the mean fibre diameter 
decraesed not only because there was less radial expansion but also 
because the cells were tangentially smaller.
Variation in fibre percentage, represented by the third component, 
was positively associated with fibre radial diameter and negatively 
associated with vessel percentage. It suggests that the parts of the 
ring with larger radial fibre diameters were also those with a higher 
proportion of fibres and, consequently, lower percentage of vessels.
This is apparently an anomalous result, because it would mean 
that at the end of the growing season, where there is normally a lower 
percentage of vessels, the fibres also had higher radial diameters, 
which is a clear contradiction of the ring structure actually found 
in E. saligna wood. The results may be due to the influence of a few 
trees characterised by a very low percentage of parenchyma. Also 
in some trees and in some rings, xylem structure at the begining of 
the new growing season did not show the usual sharp increase in 
diameter of fibres but there was a smooth transition in proportion 
and size of the xylem elements, and the maximum radial size of the 
fibres was attained in the midle of the ring. With pooled data the 
inclusion of somes trees of these unusual patterns may well have dis- 
torted the general trend found in this species of a Progressive decrease 
of cells diameters towards the end of the ring, parallel with a decrease 
in the percentage of vessels.
In the fourth component, variation in the cell enlargement index 
was positively associated with fibre radial diameter and negatively 
associated with fibre radial diameter and negatively associated with 
fibre percentage. This indicated the independence of radial expansion 
from tangential diameter and also that in the early wood zone where 
there is a lower percentage of fibres per area they also have bigger 
radial diameters. As suggested by Balatinecz and Kennedy (1968) the 
cell enlargement index may be preferable for the definition of zones 
within growth rings to the classical Morks’ (1928) definition, which
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uses wall thickness and radial lumen diameter, two features which 
may very independently of one another.
ABSTRACT
An investigation was made on the relationships that exist between 
density and some anatomic features of E. saligna Sm. Just as the 
theoretical considerations suggested that the variation in density 
might be better described by predictors that take simultaneously into 
consideration the variation in diameter and wall thickness of the 
fibres, results on principal components showed that the best predictor 
of variation in density was the coefficient of fibre flexibility (a nega- 
tive association) followed by a positive assotiation with the Mulsteph 
index and Runkel ratio.
RESUMO
Relações entre a massa volumica e as características anatómicas 
Análise das componentes principais
O presente trabalho analisa os parâmetros anatómicos que justifi­
cam as variações da massa específica da madeira de Eucaliptus saligna 
Sm. do centro para a periferia e da base para o topo. Tal como teorica­
mente se mostrou, a análise das componentes principais a que se 
submeteram os diferentes parâmetros indica que os principais parâ­
metros que descrevem a variação da densidade são aqueles que inte­
gram simultaneamente as variações do diâmetro e do espessamento da 
parede da fibra como o coeficiente de flexilididade (associação nega­
tiva) e o coeficiente de Mushlsteph (associação positiva).
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